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PRELlMINARY INVXSTIWION OF SHWT 'IWO-DIMERSICINAL 

SUBSONIC DIFFUSERS 

By R i c h a r d  R. Woollett 

SUMMARY 

Several  short two-dimensional  slrbsonic diffusers w e r e  tested Over 
a range of throat  Mach nunhers from 0.3 to 0.9. The designs incorpcr- 
ate& an effective  diffusion  angle of' approximately 30° and ~LI area r a t i o  
of 3. Included were :  (I) a 30° faired diffuser with four  variations 
of screens and vanes, (2) a diffuser i n  which the longitudinal velocity 
dist r fbut ion is a step  function and which u t i l i z e s   s u c t i o n   e m l y   i n  the 
diffusion  process, and (3) a vortex-trap  design  using f l o w  inject ion 
near the throat  and suction at the diffuser exit. For comparison, a IOo 
f a i r ed  diffuser was also teste&. 

A t  a throat  Mach number of 0.7, the resu l t ing  profile d is tor t ion  of 
the unmodified 300 diffuser  was dTminished from about 11 t o  approximately 
4 percent by using any of the conffgurations. The pressure  recoverfes 
of the 30° diffusers were 0.935, 0.935, and 0.865, respectively, for the 
unmodified &sign, the vane diffuser, and the screen  installation;  pres- 
sure recmeq was 0.930 for   bo th  the  vortex-trap and step-velocity dif- 
fusers.  he 100 diffuser y i ~  a pressure  recovery of 0.96. 

INTRODUCTION 

Recently, there has been mch interest   in   short   eff ic ient   subsonic  
dfffusers because of their potent ia l ly  simple ins t a l l a t ion  and  reduced 
wefghts. As a continuatfon of the  general diffusion problems being  in- 
vestigated at the NACA Lewls laboratory,  diffusers with high rates of 
expansion w e r e  tested t o   d e t e r d u e  the associated performance penalties.  - 
Previous work  conducted on axial sy-metric (refs. 1 and 2) and two- 
dimensfonal subsonic diffusers [ref. 3) has indicated the feasibility 
of step-veloeity and vortex-trap dfffusers. (The step-velocity diffuser 

and suction  near the start of the diffusion prcxless is ut i l ized.  The 
vortex-trap  diffus-  uti l izes flow inject ion at the start of the d i f f K -  
sion  process   in   addi t ion  to   suct ion at the  diffuser  exit -1 Axially 
symmetric subsonic diffusers ut i l iz ing   suc t lon  and inject ion were also 
tested at the  NACA Langley laboratory. 

%. 

.i is one i n  which the longl tudinal   veloci ty   dis t r ibut ion is a step  function, 
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2 NACA RM E56C02 
c 

The present  experimental  study w a s  conducted to   inves t iga te   the  
pressure  recovery and profiles  associated with several  types of subsonic 
diffuser of extreme design (30° effect ive two-dimensional diffusion  angle 
with area r a t i o  of 3). Because of the preliminary  nature of the inves- 
t igation, no attempt was made t o  simulate shocks or upstream boundary- 
layer  separations tha t  might occur i n  the diffuser  passage of i n l e t s   t o  
turbojet  or ram-jet engines.  Therefore,  the  results of the present 
tests are not  directly  applicable  to the case of i n l e t  diffusers.  The 
investigation  extends  existing  information  to higher throat Mach numbers, 
a larger  effective  diffusion  angle (30°}, and a larger diffusion mea 
ra t io .  
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SYMBOLS 

The following symbols are  used i n  t h i s  report:  

Mt 
'av 

PO 
@J? 

P 

x, Y 

throat Mach  number 

average  (area  weighted) total   pressure at rake  station 

t o t a l  pressure ahead of bellmouth 

maximum t o t a l  pressure minus the minimum total   pressure from pra-. - 

f i l e  at rake station  (neglecting  pressures less than 0.25 in .  -. 
from the w a l l s }  

s ta t ic   pressure . .  " 

longitudinal and duct height coordinates, i n .  - 

The tests were conducted in one of the Lewis laboratory's atmos- 
pheric intake  duct  stations  using  dry air. -The air flaw w a s  controlled 
by a  butterfly  valve  located about 3 t o  4 duct heights downstream of the 
neasuring  etation of the .short   d i f fusers   ( f ig .  1). Ahead of the dif-  
fuser, the flow was accelerated by means of a convergent  two-dimensional 
channel  indicated i n  the photograph of figure 1 and i n  the schematic 
sketch of figure 2. Although the convergent  channel is unsymmetrical, 
the total-pressure  profiles  across the throat are uniform t o  within 1/16 
inch of the walls (limit of the probe effectiveness). 

Six  subsonic  diffusers were tested (f ig .  2) ,  a l l  of which had a IL 
throat  cross-sectional dimension of 1 by 4 inches and a rake s ta t ion  
cross-sectional dimension of 3 by 4 Inches. Thus a diffusion a rea   r a t io  
of 3 existed f o r a l l  the models. Two of the designs did not  incorporate 2- 

any vanes,  screens,  suction or injection  devices, and were tes ted  prin- 
c ipal ly  as a comparison standard  for the more  complex models. One of 
these  reference  diffusers had an effect ive expansion  angle  equal t o   t h a t  
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of a loo two-dimensional diffuser with straight w a l l s ,  and i s  referred 
t o  as the loo faired diffuser.  - me- surface angles did not  exceed 12' 
at any s t a t ion  (fig.  2(a)).  The loo expansion  angle used as the  =in de- 
sign c r i t e r ton  of this  diffuser  has  been  indicated  (ref. 4) 88 the optimum 
for two-dinensional diffusers. A second reference diff'user (fig. 2(b] 1 
w a s  tested which used a 30° expansion angle. (Since the  equivalent rate 
of area expansAon  of the more complex diffusers was about 30°, they  could 
be considered as modifications of the 30° faired diffuser. 1 

The 30° fa i red   d i f fuser  was modified with the addition of two par- 
t i t i o n s   t o  form the vane diffuser.  (fig.  2(c)]. These vanes were essen- 
t ial ly straight with the exception of a curved final  portion  intended 
to   s t r a igh ten  -the flow at the dlffuser ex i t .  These two vanes s p l i t   t h e  
passage in to  t h e e  sections  each of w h i c h  had an equivalent  area expan- 
sion of loo. Thus, by decreasing the rate of diffusion it was hoped 
that d is tor t ion  would be improved, in sp i t e  of the increased  f r ic t ion 
surface, at only a small sac r i f i ce  i n  recovery. Another madiffcation 
of the 30° faired diffuser ,   accoql ished by the addition of canted (Iso 
from  normal) screens located at varFous positions  along  the diffuser, 
was also  invest igated  ( f ig .  2(d)). Since the flow direction downstream 
of a canted  screen l ies  between the normal of the screen and the  imping- 
ing flow direction, it was thought that screens would help turn  the flow 
taward the contoured w a l l  and thereby alleviate boundaxy-layer separation 
i n  the diffuser  (ref. 5). The screens tes ted  weTe 0.Oll-inch wire, 14 
by 18 mesh. 

arbitrary, had an  equivalent two-dimensional arlgU1a.r expansion of approx- 
imately 40° (fig.  2 (e) 1. Downstream flow inject ion was incorporated 
near the beginning of the  diffusion  process, while suction w a ~  applied 
at the end of the process. This injected air w a s  directed towards the 
suct ion  s lot .  It w a s  the purpose of these air controls t o  confine the 
exis t iug vortex i n  a specified  region of the diffuser and thus prevent 
it from sporadically shedding t o  form an  unsteady flow pat tern (side 
w a l l  s tatic-pressure measurements indicated that with inject ion a free 
vortex is present}. This would, in   turn,   help the flow t o  negotiate 
the rapid t u r n   i n  the diffuser. 

The vortex-trap  diffuser, the contour  surface of w h i c h  w a s  en t i re ly  

The sixth and l a s t  diffuser, the step-velocity diffuser (fig. 2 ( f )  1, 
was contoured  with a concave wall surface (having less curvature  than 
the vortex-trap diffuser) and incorporated w a l l  suction  shortly beyond 
the beginning of the area expansion. The principle  of the step-velocity 
diffuser  i s  that the veloci ty  i s  .theoreticalJy  constant  or  monotonically 
increasing along the contoured w a l l  except at a local po-int, where the 
veloci ty   theoret ical ly  undergoes a step decrease. Thus boundary-layer 2 
sepasation  should  tend t o  occur only at a fixed  point where it may be 
controlled by means of suction.  Since no theory i s  available for the 
design of step-velocity  dfffusers  for  compressible flow, the incompres- 
sible f l o w  solution (ref. 6) was used as a guide i n  the  design. 
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Sta t i c  pressures w e r e  obtained along the s t ra ight  wall side of all 
the diffusers  and along the colltoured w a l l  of the step-velocity diffuser. b 
I n  addition, a rake waa i n s t a l l ed   t o   ob ta in  exi t  total-pressure  profiles.  
The entrance f l o w  i n  the throat WBB checked with a P i t o t  pressure probe 
and  found t o  be uniform. The lateral prof i le  of the flow from one 
straight side plate  to  another w&8 checked f o r  the 30° faired subeonic 
diffuser at a throat Mach nmiber of 0.7. The prof i le  of the flow WBB 
similar t o  a f u l l y  developed pipe  flow with a dis tor t ion factor AP/Pav 
of 5 percent. A total-pressure  tube was also installed upstream of 
the bellmouth i n  order t o   a sce r t a in  the pressure loss i n  the piping of h) 

dry air from the atmosphere t o   t h e  model. 

" 

% 
4 

The throat Mach  number was varied i n  each of the diffusers by con- 
t ro l l i ng  the -8 f l o w  with a butterfly  valve downstream of the W f u s e r  
(fig.  1). Four stat ic-pressure  or i f ices  located at the throat section 
and a P i t o t  tube upstream of the bellmouth were used to   ca l cu la t e  t h i s  
Mach nuniber. Suction  slots were vented  dms€ream of the but te r f ly  con- 
t r o l  valve, while the air supply  (atmospheric) for inject ion waa regu- 
lated by a gate  valve. . .  

RESTJLW AND DISCUSSION 

Total-Pressure  Recwery and P ro f i l e  Distortton 

The var ia t ion of diffuser  total-pressure  recovery and prof i le  d l s -  
to r t ion  as a function of throat Mach number far the various diffusers 
investigated i s  presented  in  f igure 3. . The loo faired diffuser main- 
t a i n e d  a total-pressure  distortion of' 6 percent or less as the Mach num- 
ber was raised t o  0.93, however, the dis tor t ion of the 30° f a i r e d  d i f -  
fuser  varied  from 6 percent t o  approximately 22 percent as the throat 
Mach nuniber was increased  from 0.5 t o  0.93 (fig.  3 ( a ) ) .  With the. modi- 
f i ca t ion  of vanes,  vartex  traps, or screens, the d is tor t ion  w a ~  reduced 
t o  values less than 5 percent  for Mach nuibers below 0.7 (fig.  3(b) 1 . 
Above this Mach.nuniber, the vane and vortex-trap  -diffuser  profile  de- 
teriorated,  while the distor t ion for the screen   Sf fuser  remained com- 
parable w€th the 10' faired diff'user. 

8 
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II A comparison of the  diffus&s at a'flow condition where the  throat 
Mach rider fs roughly  0.7  (one-dimensional exit Mach uuniber, 0.18) is  
made i n  the following table: 

P 

1 
"4 

Subsonic diffuser , 

Loo Faired 
30° Faired 
V a n e  
Screen 
Vortex-trap. C ~ O ~ A P P ~ ~ '  
Step-velocity  (tested 

at % = 0.78 only) 

%tal-pressure 
recovery 

0.96 -,. 
.935 'I i :E  1 
.930 
.930 

Profi le   dis tor t ion 
factor,  
percent 

5.0 ". 
11.5 I. 

4.5 
3.2 A*' 
3.0 
5.5 

The vane, vortex-trap, and step-velocity  Wfusers  experienced about the 
sarne loss in  pressure  recovery &s the  unmodified 30° faired diffuser. 
All the subsonic  diffusers  with  the  exception of the  30° fa i red  diffuser 
had comparable profile dis tor t ion  factors. The use of vanes i n  the 30° 
faired diffuser decreased the percentage  profile  distortion  factor from 
U . 5   t o  4.5. Since the step-velocity aiffuser was tested only at a 
throat  Mach number of 0.78, i t s  pressure  recovery and d is tor t ion  at a 
throat Mach nuniber of 0.7 would probably be somewhat improved. 

When the  leading edge of the vanes extend upstream i n t o  the diffuser  
throat,   the minimum area of the  difAzser is  reduced. 'Thus choking of 
the flaw and hence severe  penalties  in  pressure-recovery and p rd f i l e  dis-  
to r t ion  w i l l  occur at  a lower masured Mach nu&er. With the flaw choked 
i n   t h e  vane passages, the pressure-recovery and prof i le   d i s tor t ion  curves 
of the vane diffuser shift  toward higher " k o r t i o m  (fig. 3(b)]. 

In the.use of screens,  position i s  an  important  pmameter. As the 
screens are moved upstream t o  the  throat  (position 3, fig. 2(d) 1, the 
pressure 105s becomes very k g e  (perhaps intolerable).  A l t h o u g h  the 
recovery was  greatest for screen  position 1, the dis tor t ion  appeared t o  
be smallest far an intermediate  position. As an example (Mt = 0.70), the 
pressure  recovery and profi le   dis tor t ion  for   screen  posi t ion 1 were, 
respectively, 0.865 and 3.2  percent; for  screen  posit ion 2, 0.835 and 
1.5 percent; and f o r  Bcreen posit ion 3 (Mt = 0.461, 0.76 and 15 percent. 

The r e s u l t s   i n  the table for the vortex-trap and step-velocity dif - 
fuser are fo r  the p a r t i c u l a r   c d i n a t i o n s  of suction and inject ion which 
proved best. When insuff ic ient   inject ion and suction were used (less 
than 8 percent of diffuser mass flow),  the flow became er ra t ic ,  changing 
back and fo r th  from the performance indicated  in  the table t o  that ob- 
ta ined  for  the 30° faired aiffuser. 
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An estimate was made of the pumping  power required  for t h e  awiliary 
air i n  .the step-velncity  or  vortex-trap  diffusers; it w a s  assumed that k- 
the  auxiliary air would be -dumped at the  diffuser   inlet  and that the 
punq! would supply  the  requlred  pressure  rise. This pumping  power would 
modify the performance of these  di#?f%sers-.by  decreasing  their  effective 
pressure  recovery  by 0.015. 

- .  . .. . "  
-. . . 

- .  " 
. -. - 

Total-Preesure  Profiles cw 

Typical 
presented  in 
can  be  seen 

ci, N 
exi t   to ta l -pressure  prof i les  of the varFous diffusers are U 

f igure  4 for a throat  Mach nmiber of approximately 0.7. It 
(fig.  4 (a) 1 t ha t  each  passage of the vane diffuser has a 

different   level  of total-pressure  recovery,  the  highest being i n  the 
passage  along  the  curved  portion of the diffuser. This  difference sug- 
gests that if  a reaaustment of the effective"-diffusion  angle of each 
passage was made, d is tor t ion  might be decreased . s t i l l  further. 

For the diffuser   with  screens,   f igurc4(b)   i l lustrates   typical  pro- 
f i l e s  at the diffuser  exi-or several screen  positions. Because of the 
flow choking i n  .s.creen-position 3, the  throat Mach  nuniber never exceeded 
0.5. Typical   profues  of. the'step-inSLocity and vortex-trap  diffusers 
are   presented  in  figure 4fc). 

* 
Longitudinal  Static-Pressure  Distributions 

The static-pressure  distribution along the  step-velocity  diffuser 
i s  compared with a theoretical   value for incompressible  flow in   f i gu re  
5(a)  . The measured values were in poor agreement with  the  theory (ref. 
6)  possibly  because of compressible-flaw  effects. 

. 

The static-pressure  distribution along the remaining diffusers is 
presented i n   f i g u r e  5(b) ( the  s ta t ic   pressures  at zero  station do not 
correspond  exactly  with the throat  Mach nutibers, since  these Mach num- 
bers were calculated from an average of several  pressures at the throa t ) .  

The extremely distarted flow of the 30° f a i r ed  
i n  figure 6(a). Note tha t   the  boundary layer flows 
the point of separation  as soon as it detaches  from 

"" . . - - .  .- " -. "- 

diffuser is visible 
s t ra ight  back fram 
the  shoulder. This 

separation is delayed  considerably by the  use of. vanes (fig.  6(b) 1 . 
Because of the f lm turning  in   the  diffuser ,   there   are   centr i fugal   force8 
present   in   the main flow which cause  bouidary-layer  cross flows. This 
i s  sham i n  figure 6(c) w i t h  l iquid traces on the glass side w a l l s .  
These CTOSB flows may cause an undesirable  boundary-layer  accumulation 4 
i n  the  corners and the walls of the  subsonic  diffuser. 

.t 

. " 
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J The ef fec t  of optimum screen  positioning i s  observed i n  figure 7. 
Pressure  data  indicated  that  screen  position 2 yielded  the  least  
dis tor t ion.  

The effect  of insuff ic ient   inject ion  in   the  vortex-t rap  diffuser  is 
depicted in   f i gu re  8. The dark stream in   the   cen ter  of the photographs 
is  a carbon dioxide j e t  piped t o  the exit of the   in jec t ion   s lo t  by means 
of a 3/8-inch tube and used to help visualize the  low-density  subsonic 
flow. The dark region  that  appears  in  the lower right portion of the  

b 

m rn 
N schlieren is  water-vapor  condensation from the   injected air. 

In addition to the previously mentioned visual aids, t u f t s  were 
used along  the w a l l s  of the  step-velocity  dFfPuser. These tufts indi-  
cated  severe cross-flaw conditions on the concave wall section of the 
diffuser  at   certain  f low conditions. 

Several  short  shock-free  subsonic diffusers w e r e  t e s t ed  mer a 
range of throat Mach nuulber. These short diffusers used an ef fec t ive  
diffusion awle of about 30° with an area ratio of 3. A t  a throat  Mach 
nLuriber of 0.7, the result of prof i le   d i s tor t ion  of the 30° diffuser was 
diminished from about 51 percent t o  approximately 4 percent by use of the  
configurations  tested, The total-pressure  recoveries of the  30° dif- 
fusers  were 0.935, 0.935, and 0.865, respectively, for the  unmodified 

both the  vortex-trap and step-velocity dif'fusers. The loo diffuser  
yielded a total-pressure  recovery of 0.96. 

r 

t design,  the vane diffuser,  and the screen ins ta l la t ion ;  and 0.930 f o r  

Lewis Flight Propulsion  Laboratory 
National Advisory C o d t t e e   f o r  Aeronautics 

Cleveland, Ohio, March 2, 1956 
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" Figure 1. - -del installation of vortex-trap diffuser. 
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(a) Screen diffuser. 
4 

//////n//////// . //////~/I////////f//// , 
A i r  f low 

(e) Vortex-trap diffuser .  

0‘ 2 4 6 8 
x, in.  

Figure 2. - Concluded. Subsonic diffusers. 
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Diffuser throat Mach nuniber, !-$ 

(a) loo And 300 fa i red   d i f fusers .  

Figure 3. - Performance of subsonic  diffusers at various dlffueer 
throat Mach numbers. 
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Diffuser   throat  Mach nunher, M t  

(b) Vane, screen,  vortex-trap,  and s tep-veloci ty  diffusers. 

Figure 3. - Concluded.  Performance of subsonic   diffusers  at various 
d i f fuse r   t h roa t  Mach nunibers. 



14 NACA RM E56C02 

1.0 

.9 
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. .  . 

Diffuser Throat Mach 

(a) Comparison ai diffuse? profiles  with and without  vanes; pit- 0.7. 

1.0 

.9 

.a 

(b) Wfect  of-screen  position upon diffuser profilea. 

0 1 2 3 
YY i n .  

(c) Vortex-trap and step-velocity diffuser. 

Figure 4 .  - U t  total-pressure  profiles of various diffusere. 
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0 1 2 3 4 5 6 7 8 .9 
Axial distance from zero station of fig. 2, in. 

(b) Straight-wall pressures aC 100 and 500 faired, screen, vane, and vortex-trap diffusers. 

Figure 5 .  - ConcluBcd. Wall static-pressure  dlstributloas tbrough various diiTuaers. 
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(b) Vane diffnser; schlieren photograph. 

(c) vane diffuser; liquid U e c t i o n  &owing 
effect of boundary-layer crom flow. 

Figure 6 .  - Flaw with 30° faired aFffuser and with vane 
diffuser, throat W h  number, 0.7. 
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(a) Screen position 1, throat M%ch mmber, 0.7'. 

(b) Screen  position 2, throat Wch number, 0.7. 

(c) Screen position 3, throat Msch number, 0.46. 

Figure 7. - Schlieren photographs of flaw with screen diffuser. 



NACA RM E56C02 19 

J 

( a )  Optimum suction and injection (approximately 8 p r c m t  
of dif fuser  mss flow). 

(b) Insufficient  injection (less than 8 percent of dlf fueer  
mass flow). 

Figure 8. - Schlieren photographs of flow w i t h  vortex-kap 
Wfuser; throat Msch rmniber, 0.7. 

WACA - LPngIey Field, Va. 


